We describe the conditions for optimal formation of Laser Induced Periodic Surface Structures (LIPSS) over poly(3-hexylthiophene) (P3HT) spin-coated films. Optimal LIPSS on P3HT are 2 observed within a particular range of thicknesses and laser fluences. These conditions can be translated to the photovoltaic blend formed by the 1:1 mixture of P3HT and [6,6]-phenyl C71-butyric acid methyl ester (PC71BM) when deposited on an indium tin oxide (ITO) electrode coated with (poly(3,4 -ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT:PSS). Solar cells formed by using either a bilayer of P3HT structured by LIPSS covered by PC71BM or a bulk heterojunction with a P3HT:PC71BM blend structured by LIPSS exhibit generation of electrical photocurrent under light illumination. These results suggest that LIPSS could be a compatible technology with organic photovoltaic devices.
INTRODUCTION
Several materials are being investigated as alternative candidates to the well-established silicon solar cells. Among them organic photovoltaics (OPV) involve the use of π-conjugated semiconducting polymers for light absorption and charge transport [1] [2] [3] [4] [5] [6] . Polymer blends and inorganic/organic hybrid solar cells have attracted a great interest due to their potential in combining the advantages of both components [7] [8] [9] [10] . In particular polymer-fullerene mixtures of poly(3-hexylthiophene) (P3HT) with [6, 6] -phenyl C61-butyric acid methyl ester (PC61BM) or [6, 6] -phenyl C71-butyric acid methyl ester (PC71BM) have been widely used as model system in organic photovoltaics (OPV) 4, 5, [11] [12] [13] [14] [15] [16] [17] , despite other material combinations have reached meanwhile much higher power conversion efficiencies [18] [19] [20] [21] . In general, the interfacial area between the donor material, P3HT, and the acceptor one, either PC61BM or PC71BM, which form the heterojunction, is a critical factor for the performance of the OPV devices 11, 22 . OPVs can be fabricated by different techniques, such as spin coating, spray deposition, vapor phase deposition and printing [23] [24] [25] [26] . The modification of the photoactive layer with periodic structures has been extensively studied recently because it can be an effective way to improve light harvesting 27 . In particular, several approaches have been followed in order to fabricate controlled P3HT micro-and nanostructures for OPV applications including soft lithography 27 , nanoimprint lithography [28] [29] [30] , templating by anodic aluminium oxide (AAO) membranes 31 , solvent annealing 11, 32 , and spray deposition 33 , among others. Laser techniques in general and Laser-Induced Periodic Surface Structures (LIPSS) 34 in particular can be considered potential alternatives to other lithography processes, with the added advantage of avoiding, in principle, the need for sophisticated facilities like clean rooms or the fabrication of delicate stamps. Ripples created by LIPSS can develop on the polymer surface as a result of interference between an incoming linearly polarized laser beam and the surface-scattered waves which results in a heterogeneous light intensity distribution on the surface 35 . Irradiation with multiple laser pulses enhances the effect by a feedback mechanism that is needed for LIPSS generation 35, 36 . The ripple period depends on the laser wavelength, on the effective refractive index of the material and on the incidence angle of the laser beam 34 . Either nanosecond 37 or femtoseconds lasers 38 can be used to produce LIPSS on polymers. In particular LIPSS have been used in order to create sub-micron gratings on P3HT 36 . It was shown that, in spite of the wellknown photodegradability of P3HT and of the high power of the laser pulses applied, LIPSS on this material obtained with a wavelength of 532 nm are produced with a weak impact on its chemical structure. However the electrical conductivity of the rippled P3HT films exhibits a heterogeneous nature consisting of the alternation of conducting valleys and non-conducting hills 36 . On the basis of Raman spectroscopy and of X-ray scattering measurements, a reduction of the crystallinity of the hills was proposed as the cause of these effects 36 . From the perspective of OPV, several questions arise about the potential integration of P3HT LIPSS in solar cell architectures 39, 40 . These include: 1) the possibility of creating LIPSS on an active layer comprising P3HT and PC71BM, 2) the feasibility of intercalation of the LIPSS active layer between a bottom ITO electrode coated with a thin layer of poly (3,4-ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT:PSS) and a metallic top electrode and 3) the impact of the heterogeneous electrical conductivity of the P3HT LIPSS surface on the OPV device properties.
Thus, the novelty of this work is the attempt to provide some answers to the above-mentioned questions by presenting a precise description of LIPSS formation in P3HT spin-coated films of variable thickness. Once the conditions for optimal LIPSS formation were found we created LIPSS AFM images were collected in tapping mode using silicon probes (NSG30 probes by NT-MDT).
Heights and periods were measured in 3 different zones of the sample to examine the film uniformity. Analysis of images was carried out using Nanoscope Analysis 1.50 software (Bruker). The as-prepared SC films present the characteristic morphology of semicrystalline P3HT
consisting of needle crystals 47, 48 . The roughness of the SC films increases with thickness, levelling at an efficiently absorbed wavelength, the nanosecond laser pulses heat the material surface driving the polymer above either its glass transition temperature, for the case of an amorphous polymer, or above its melting point, in case of a semicrystalline polymer 34, 37 . This is a requisite for LIPSS formation in polymers since significant molecular dynamics is necessary in order to allow LIPSS to generate 37, 49 . In general, thinner films need more irradiation energy, in terms of either number of pulses or fluence, in order to reach similar temperatures than those reached by thicker films 50, 51 . Specifically, for silicon substrates, the laser irradiation of the polymer film provokes the substrate temperature to increase very fast. However, the heat is effectively dissipated on the basis of the high thermal diffusivity of silicon. Thus, the high thermal conductivity and thermal diffusivity of silicon makes the cooling of the polymer material heated by the laser pulse to be more efficient for thinner films. Accordingly, the silicon substrate acts as a thermal heat sink.
Although in the thicker investigated films LIPSS are formed (Figure 1 h), these are significantly distorted in comparison with those generated in films of intermediate thickness. For these thicker films, in a first approach, roughness may play a significant role on the quality of LIPSS producing complex light scattering processes on the sample surface leading to non-parallel interferences.
GISAXS measurements have proven to be useful for the characterization of structural order in LIPSS formed over polymer films as it provides statistical information integrated over a large sample area of the material surface 36, 37, 49 . 36, 37, 49 . These features can be described as produced by a quasi-one-dimensional grating 52 . Figure 3 shows horizontal line cuts from the 2D GISAXS data at αi = 0. thickness. The number of scattering maxima, which is associated to the structure factor of the lattice 52 , is related to the level of order of the structure 36 . The inset of Figure 3 organic solar cell. Therefore, characterization of the effect of LIPSS treatment on the crystallinity of P3HT:PCBM films provides greater insight on polymer film solar cell-relevant features. Figure   4 shows GIWAXS patterns illustrating the evolution of the structure of P3HT SC films before and after generation of LIPSS with solution concentration. It is known that quantitative analysis of GIWAXS patterns requires a thorough knowledge of the scattering pattern in the reciprocal space 55, 56 . The real to reciprocal space transformation has been accomplished according to the procedure described in ref. 57 . In this case, the intensity of the GIWAXS scattering patterns are represented as a function of the reciprocal scattering vectors qz and of qR =√ 2 + 2 where qx, qy and qz are the scattering vectors. The SC films exhibit the characteristic three meridional reflections (h00) of the crystalline phase of P3HT which are higher orders of the (100) reflection (Figure 4a-d) . The equatorial reflection is attributed to the superposition of the (020) and (002) reflections 58, 59 . These GIWAXS patterns are in agreement with previous studies reporting a crystal distribution of P3HT sheets formed by the stacking of the thiophene rings on a mainly edge-on configuration, with polymer backbone chains parallel to the substrate 59 . P3HT films with LIPSS exhibit similar reflections as observed in Figure 4e -h. In addition, in our case, by visualizing of the reciprocal space patterns for the different samples a significant crystal orientation is suggested. The interlayer distance between 2D
sheets of conjugated polythiophene backbones separated by planes of alkyl side chains has been calculated in 1.58 ± 0.02 nm and 1.60 ± 0.03 nm for unstructured and LIPSS films respectively, and the the stacking distance between polythiophene backbones is 0.38 ± 0.02 nm in both cases. These results are in agreement with previous reports 58, 59 . Qualitative information about the crystallinity can be obtained by the radial integration of the GIWAXS pattern in the meridian direction shown in Figure 5 . For the sake of comparison, the data have been normalized to the intensity of the main maximum. From Figure 5 , we can find that the crystalline structure is similar for non-nanostructured P3HT
and for P3HT with LIPSS films. If one considers the intensity ratio among the consecutive maxima, it is possible to infer that the crystallinity of the SC films tends to be reduced as the thickness of the film decreases. Crystallization under the confined environment imposed by a thin film has been reported to have a negative impact on the crystallinity of the polymer film 47, 60, 61 .
Although films with LIPSS exhibit crystallinity it is clear that the irradiation reduces the crystalline phase, as deduced from the decrease of the ratio between the intensity of the main maximum in relation to the consecutive orders. This effect is consistent with previous resonance Raman spectroscopy observations indicating that the amount of non-ordered phase in P3HT films with LIPSS increases upon irradiation 36 . Heating due to laser irradiation occurs in a nanosecond range while subsequent cooling down after the pulse action takes place in a millisecond time range 37 .
This fast quenching prevents the recovery of the initial crystallinity of the SC film.
All the results presented so far refer to films with LIPSS prepared at a single fluence of 26 mJ/cm 2 and 3600 pulses. LIPSS films have been prepared in a broader range of fluences keeping the same number of pulses in order to study comprehensively the effect of laser fluence on the resulting structure. Since the formation of LIPSS in P3HT spin-coating films has been successful we apply this knowledge to incorporate LIPSS technology in polymer solar cells.
LIPSS in P3HT and in P3HT:PC71BM blend for photovoltaics
As mentioned before, for photovoltaics characterization both bilayer and standard bulk heterojunction solar cells 39 were prepared. In both cases the thickness of the active layer is about 110 ± 10 nm as measured by AFM. According to the LIPSS study on P3HT films, the laser selected conditions for LIPSS formation were 3600 pulses of 26 mJ/cm 2 . We used these conditions for both architectures, as described in paragraph 2.3.3. for that is related to the need of optimization for the presented photovoltaic systems. For the current device arrangement, according to the AFM depth profiles (Figures 7 and 8) , the top-to-valley distance is comparable to the thickness of the unstructured films. Thus, after LIPSS formation, it is expected a depletion of the active layer between the PEDOT:PSS and the aluminium electrode in the valley. This effect could explain the lower performance of the LIPSS devices. Another important feature to note is that the solar cells that underwent a LIPSS structuring process have been previously laser irradiated prior to the photovoltaic characterization. Previous Raman spectroscopy results have shown that laser irradiation of P3HT provokes a decrease of the orderedphase rather than a significant chemical degradation 36 . This effect could lead to a decrease of the electrical conductivity responsible for the decreased short-circuit current density upon LIPSS structuring. In spite of that, it is important to remark that LIPSS devices are operational as solar cells.
The FF values suggest that solar cell geometry can be optimized, although comparable values are obtained for LIPSS devices and the reference unstructured ones. As expected, the photogenerated short-circuit current of bilayer solar cells is lower than that of BHJ mainly due to the smaller donor/acceptor interface.
The Voc values are similar for both LIPSS and unstructured devices. This indicates a sound preservation of the device layout and the structural integrity of the materials composing the whole layer stack. Moreover, we can see how for bilayer solar cells the Voc increase by about 10%. Taking in account that the vertical profile of the imprinted structure has a height comparable to the original film thickness, it becomes remarkable that the LIPSS process means a dramatic gain in donor-acceptor interface for bilayer devices. This enlarged interface is expected to significantly decrease the non-geminate recombination, feature which is in good agreement with the improved Voc. 62, 63 .
In spite of the quantitative results, our data proves that both the LIPSS P3HT: PC71BM bilayer system and the LIPSS P3HT:PC71BM blend system, preserve their photovoltaic properties for photocurrent generation. Moreover, LIPSS shows the path for device improvement upon structuring and yields improvements in FF and Voc that could potentially lead to improved solar devices after optimization. This demonstrates that LIPSS can be, in principle, incorporated into organic photovoltaics technology although additional effort is necessary in order to improve the performance of the LIPSS devices. It is clear that it will be necessary to further advance in the knowledge of physico-chemical and morphological changes occurring during light exposure in order to characterize the reorganization processes that take place during irradiation. In particular, 
CONCLUSIONS
In conclusion we have shown that laser induced periodic surface structures formation in P3HT 
